We previously reported that ranolazine improved exercise myocardial perfusion. Ranolazine ameliorates myocardial ischemia by augmenting myocardial blood flow; likely due to a reduction in extra-vascular compression of small vessels. We hypothesized that ranolazine could improve left ventricular (LV) dyssynchrony as assessed by phase analysis of gated SPECT myocardial perfusion imaging (MPI). Patients (n=32) with known or suspected coronary artery disease and reversible perfusion defects on a clinically indicated stress MPI were re-studied 4 weeks after ranolazine (500-1000 mg orally twice daily) was added to their conventional treatment in an open-label trial (data previously reported). The LV systolic and diastolic dyssynchrony indices were obtained using automated phase analysis before and after ranolazine. There were no significant changes in heart rate and blood pressure (at rest or during stress) after treatment. The perfusion pattern improved in 13 of 18 patients who had exercise testing but in only 3 of 14 patients who had vasodilator stress testing. There were no significant changes in LV ejection fraction or volumes after treatment. The systolic and diastolic LV dyssynchrony improved after ranolazine therapy; there was a significant decrease in systolic phase standard deviation (SD) (21±17 vs. 18±13, P=0.04), systolic bandwidth (BW) (69±60 vs. 53±38, P=0.03), diastolic SD (29±18 vs. 24±15, P=0.047) and diastolic BW (91±61 vs. 72±45, P=0.02). In conclusion, this is the first study to show improvement in diastolic and systolic LV synchrony with ranolazine as measured by automated phase analysis of gated SPECT MPI.
Introduction
Ranolazine, a prototype late I-Na inhibitor, reduces myocardial ischemia by a novel mechanism that involves inhibition of late sodium current which decreases sodium dependent intracellular calcium overload of cardiomyocytes (1) (2) . This effect of ranolazine results in a decrease in left ventricular (LV) stiffness, a decrease in extra-vascular compressive forces on coronary microcirculation and thereby improves myocardial blood flow (MBF) (1) (2) (3) (4) (5) (6) . In a previous study, we showed that ranolazine improved myocardial perfusion during exercise (7) . We hypothesized that ranolazine might improve LV synchrony, especially during diastole; such an effect could improve MBF by decreasing LV stiffness and by increasing early diastolic flow. We used automated analysis of gated SPECT MPI to measure LV systolic and diastolic dyssynchrony indices.
Methods
This was an open label study conducted at the University of Alabama at Birmingham Medical Center and was approved by the institutional review board and all participants signed an informed consent form. The patient population, baseline clinical and demographic data and myocardial perfusion imaging (MPI) results have been reported (7, 8) .
All images were acquired and processed according to the ASNC guidelines using either single-day or 2-day (depending on body weight) stress/rest -Tc-99m sestamibi (9) . Identical doses of the tracer were used for the baseline and follow-up studies. All raw data obtained from the gated SPECT images (2 sets/patient) were reconstructed using standard filtered backprojection and identical low-pass filtering (Butterworth filter with a critical frequency of 0.4 cycles/second, order 5). Motion correction was applied prior to reconstruction of images if >1 pixel of x or y axis deviation was observed over the 180-degree acquisition. No attenuation correction was used. An automated program was used to derive summed stress score (SSS), summed rest score (SRS) and summed difference score (SDS) based on the conventional 17-segment model. The program assigned a score of 0-4 to each segment based on activity level, whereby 0=normal and 4=absent.
The phase analysis method has been described in detail elsewhere and was derived from the post-stress studies (10, 11) . In brief, a three-dimensional count distribution was extracted from each of the LV short-axis datasets and subjected to one-harmonic Fourier analysis for systolic dyssynchrony and three-harmonic Fourier analysis for diastolic dyssynchrony. The Fourier analyses generated a systolic phase distribution and a diastolic phase distribution, both ranging between 0-360° and spanning the entire R-R interval. The systolic and diastolic phase distributions were displayed on polar maps and histograms. Two indices were extracted from each phase distribution: 1) histogram bandwidth (BW), which marked the range of degrees of the cardiac cycle during which 95% of the myocardium-initiated contraction and 2) standard deviation (SD), which represented the SD of the phase distribution. The effective temporal resolution of the technique correlated to the 1/64 th of the cardiac cycle, without any significant impact on the phase SD and BW whether 8 or 16 frames per cycle were applied.
Statistical Analysis
Data are expressed as percentages for discrete variables and mean ± standard deviation for continuous variables. Descriptive statistics were computed for phase variables and were compared between baseline and follow-up tests with paired t-tests. All statistical analyses were performed using SAS version 9.1 (SAS Inc, Cary, NC). All tests were 2-tailed and a P <0.05 was used as the level of significance. Paired t-tests were used to compare continuous pre-and post-ranolazine variables.
Results
Of the 38 patients (exercise=20, vasodilator=18), phase analysis was not possible in 6 patients (exercise=2, vasodilator=4) due to gating errors; the analysis was performed in the remaining 32 patients. The baseline clinical variables are summarized in Table 1 . No changes were made in other medications between the baseline and follow-up MPI. The perfusion pattern improved in 13 of 18 patients who had exercise MPI and 3 of 14 patients who had vasodilator MPI.
There were no significant differences in heart rate, blood pressure, LV ejection fraction, LV end-diastolic and LV end-systolic volumes with ranolazine therapy ( Table 2 ).
The post-stress systolic and diastolic phase SD and BW decreased significantly after ranolazine therapy ( Figure 1 ). The prevalence of abnormal phase variables (based on previously reported normal values) decreased after ranolazine therapy (11) ( Figure 2 ). The percentage changes in systolic and diastolic phase variables are shown in Figure 3 . A representative example showing improvement in systolic and diastolic indices is shown in Figure 4 .
The percentage change in systolic and diastolic phase variables were not significantly different between those with improved perfusion and those with no change in perfusion (Table 3 ). There was no effect of heart rate or type of stress on the change in systolic and diastolic phase variables. There was no correlation between baseline and percentage change in systolic and diastolic phase variables. There was a strong and positive correlation between both percentage change in systolic SD and percentage change in diastolic SD and the percentage change in systolic BW and percentage change in diastolic BW (Figures 5 and 6 ).
Discussion
The main finding of this study is that systolic and diastolic indices of LV dyssynchrony, measured by automated phase analysis of gated SPECT MPI, improved after short term therapy with ranolazine in patients with coronary artery disease. It should be noted that these changes were observed even though none of the patients had left bundle branch block and the mean LV ejection fraction was normal. Ranolazine inhibits the late sodium current and thus decreases the diastolic calcium overload in ischemic myocytes (1-2). Myocardial ischemia is known to cause late sodium current dependent intracellular calcium overload. The cellular calcium overload increases diastolic tension which decreases perfusion due to increase in extravascular compression, which then becomes a vicious cycle as ischemia begets more ischemia. Thus, a decrease in diastolic calcium overload should lead to an increase in coronary blood flow by improving diastolic relaxation of the ventricular myocardium (1-2). Improved synchrony and decreased stiffness might contribute to the improvement in MBF. It is unlikely that improvement in MBF lead to improvement in dyssynchrony variables as the resting MBF is often normal despite coronary stenosis. Also, "the stress images" were obtained 30-60 minutes after the stress.
Heart failure with preserved LV ejection fraction is a major cause of morbidity and mortality (12) . Diastolic dysfunction is characterized by impaired LV relaxation, leading to decreased LV filling and reduced stroke volume. Enhanced late sodium current and increase in diastolic calcium overload have been shown to impair relaxation of ventricular myocytes, hence there has been considerable interest in the effects of ranolazine in diastolic dysfunction (13) . A study in isolated human ventricular myocytes from end-stage failing hearts showed that ranolazine reduced the frequency dependent increase in diastolic tension without having negative inotropic effects on contractility (14) . Ranolazine also significantly reduced the regional peak filling rate in patients with previous transmural infarction (15) .
Interestingly, ranolazine improved diastolic relaxation of noninfarcted myocardium under chronic ischemic conditions. A recent analysis of the MERLIN-TIMI 36 trial suggested that ranolazine may have enhanced efficacy in high-risk patients with acute coronary syndrome with increased B-type natriuretic peptide (16) . Patients with increased B-type natriuretic peptide likely have increased wall stress and it is reasonable to speculate that the effect of ranolazine in these patients may be related to improvement in LV synchrony, since ranolazine does not affect cardiac contractility per se. A recent small clinical study indeed demonstrated improvement in diastolic echocardiographic indices of LV dyssynchrony with ranolazine therapy (17) . Two large double blinded cross-over trials are currently underway to rigorously study the effect of ranolazine on diastolic function as assessed by cardiac catheterization and Doppler echocardiography (18, 19) .
Echocardiography is the method of diastolic function assessment of the on-going trials with ranolazine (18) (19) . Phase analysis by SPECT MPI has been shown to correlate well with echocardiography for assessment of both systolic and diastolic dyssynchrony (20) (21) . Unlike echocardiography, dyssynchrony assessment by phase analysis with SPECT MPI is not user dependent and can be derived from the same study done for assessment of perfusion.
Our study has limitations and should be considered as a proof of concept awaiting larger studies. The single-center study, the small sample size and the lack of a control arm are obvious limitations. We did not assess dyssynchrony by other modalities, since all patients had normal LV function and a narrow QRS. The direction of change in dyssynchrony variables is more important than absolute changes in dyssynchrony variables. Nevertheless, this is the first study which showed improvement in LV dyssynchrony in patients with normal LV systolic function after a short term treatment with ranolazine. The ease of phase analysis and its non-user dependence, coupled with simultaneous ischemia/scar assessment suggests that this could be an attractive methodology for exploring the mechanisms by which ranolazine produces clinical benefits, especially since it has now assumed a first line status in the management of symptomatic patients with CAD. The prevalence of those with abnormal phase variables, before and after ranolazine therapy. (SD-Phase standard deviation, BW-phase bandwidth) Correlation between percentage change in systolic BW and percentage change in diastolic BW (BW-phase bandwidth, r 2 : Pearson's correlation coefficient) 
